Introduction
============

A major goal in the study of the neurobiology of memory is to determine aspects of neural activity that are associated with different components of cognitive processes, such as the acquisition, consolidation, and retrieval phases of memory processing. The study of experience-dependent immediate early gene expression has proven to be a valuable tool toward achieving this goal. The prototypical immediate early gene *c-fos* is transcribed in neurons within minutes after stimulation by various depolarizing and neurotrophic intercellular signals (Greenberg et al., [@B33]; Kovacs, [@B51]), and the rapid degradation of *c-fos* mRNA ensures that its expression represents recent changes in neuronal activation (Shyu et al., [@B90]). Most importantly, transcription of the *c-fos* gene is not merely a marker of increased neural activity; increased expression of *c-fos* mRNA appears to reflect the initiation of an intracellular cascade of molecular events which are essential for the development of neuroplasticity (Herdegen and Leah, [@B38]; Kubik et al., [@B52]).

Much of the research linking neuroplasticity to memory has focused on the hippocampus (Szapiro et al., [@B95]; Miyamoto, [@B62]; Bekinschtein et al., [@B4]). In rodents, this temporal lobe structure plays a critical role in spatial learning and memory (Morris et al., [@B64], [@B63]; Guzowski and McGaugh, [@B34]; Kesner et al., [@B46]; Martin and Clark, [@B55]; Bird and Burgess, [@B5]). Although most of the work has focused on the necessary role of the hippocampus in memory formation, research has also demonstrated an involvement of the rodent (Riedel et al., [@B78]; Corcoran and Maren, [@B16]; Jezek et al., [@B42]; Szapiro et al., [@B95]; Micheau et al., [@B61]; Sutherland et al., [@B94]) and human (Dolan and Fletcher, [@B22]; Bosshardt et al., [@B9]; Rekkas and Constable, [@B77]; Moscovitch et al., [@B65]; Cabeza and St Jacques, [@B11]; Nadel et al., [@B66]; Spiers and Maguire, [@B91],[@B92]) hippocampus in long-term memory retrieval.

In molecular analyses of memory, numerous studies have examined *c-fos* gene expression patterns in the hippocampus of rodents during memory formation in various tasks, including spatial learning tasks (Vann et al., [@B100]; Guzowski et al., [@B35]; He et al., [@B37]; Teather et al., [@B96]; Shires and Aggleton, [@B89]). Most of these studies monitored *c-fos* gene expression by measuring Fos protein, the *c-fos* gene product. In general, these studies found marked increases in Fos expression with initial training, and in some cases, the extent of Fos expression has been positively correlated with the spatial processing demands of the task (Gall et al., [@B28]; Vann et al., [@B100]; Colombo et al., [@B13]).Few studies, however, have examined immediate early gene expression associated with memory retrieval, and these studies assessed Fos protein expression after re-exposure to a conditioned fear context. For example, several studies have reported increased immediate early gene expression in the hippocampus following contextual, but not cued, fear memory retrieval (Hall et al., [@B36]; Strekalova et al., [@B93]; Frankland et al., [@B27]). Thus, there is an insufficient understanding of how the hippocampus, as well as other brain structures, are involved in the retrieval of spatially relevant information.

In the present study, we investigated hippocampal *c-fos* gene expression patterns associated with the retrieval of spatial information (i.e., remembering the location of a hidden escape platform in a water maze). We also examined how exposure to acute psychological stress prior to spatial learning affected long-term (24 h) spatial memory and the expression of *c-fos* mRNA at the time of retrieval. The stress component of the current work is based on our studies which have shown that rats exposed to a cat (predator stress) exhibited a suppression of hippocampal synaptic plasticity (Mesches et al., [@B60]; Vouimba et al., [@B101]) and an impairment in spatial learning and memory (Diamond et al., [@B21]; Woodson et al., [@B108]; Park et al., [@B72], [@B73]; Conboy et al., [@B14]). We have also shown previously that acute predator stress was associated with a suppression of learning-induced increases in phosphorylated CaMKII (Zoladz et al., [@B111]) and neural cell adhesion molecules (NCAMs; Sandi et al., [@B84]), as well as a blockade of morphological (dendritic spine) plasticity (Diamond et al., [@B20]) in the hippocampus. Overall, our findings are consistent with a broad range of research indicating that stress can produce adverse effects on hippocampal functioning (Lupien and Lepage, [@B54]; McEwen, [@B59]; Kim and Diamond, [@B47]; Sandi, [@B81]; Joëls et al., [@B44]; Packard, [@B69]).

In the current study we have extended our research on stress, memory, and hippocampal function by examining the influence of acute predator stress occurring prior to learning on the expression of 24 h spatial memory retrieval and *c-fos* mRNA. We have tested two related hypotheses: (1) Under the standard (non-stress) training condition, retrieval of long-term spatial memory would be accompanied by an increase in the transcription of *c-fos* mRNA in the hippocampus; and (2) Under the pre-training stress condition, retrieval of long-term spatial memory would be impaired and there would be an absence of an increase in the transcription of *c-fos* mRNA in the hippocampus. In addition, because stress changes the manner in which the brain processes information (Bisaz et al., [@B6]; Packard, [@B69]; Schwabe et al., [@B87]), we included an assessment of the transcription of *c-fos* mRNA in non-hippocampal brain structures in response to memory retrieval in stressed rats. Overall, this study was designed to provide novel information on how pre-training stress affects long-term memory retrieval, and how successful versus unsuccessful retrieval may be related to the expression of *c-fos* gene transcription in different brain structures.

Materials and Methods
=====================

Subjects
--------

The subjects used in this experiment were adult male Sprague-Dawley rats (250--275 g; Charles River Laboratories). The animals were housed on a 12/12 h light dark schedule (lights on at 0700 hours) in Plexiglas cages (two per cage) with food and water provided *ad libitum*. Colony room temperature and humidity were maintained at 20 ± 1°C and 60 ± 3%, respectively. All rats were given 1 week to acclimate to the colony room environment before any experimental manipulations took place. The rats were brought to the laboratory\'s water maze training room and handled for 2--3 min each during each of the last 3 days of the 1-week acclimation period. Behavioral manipulations were conducted between 0800 and 1300 hours and were always preceded by 30 min of acclimation to the testing environment. All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of South Florida.

Radial-arm water maze
---------------------

The radial-arm water maze (RAWM) was used to test spatial learning and memory and has been described at length in previous publications (Diamond et al., [@B21], [@B20]; Woodson et al., [@B108]; Sandi et al., [@B84]; Park et al., [@B72], [@B73]; Zoladz et al., [@B110]). Briefly, the RAWM consists of a black, galvanized stainless steel round tank (168 cm diameter, 56 cm height, 43 cm depth) filled with water (22°C). Six V-shaped stainless steel inserts (54 cm height, 56 cm length) were placed in the tank, forming six swim arms radiating from an open central area. A black, plastic platform (12 cm diameter) was fixed in place 1 cm below the surface of the water at the end of one arm (referred to as the "goal arm"). The walls in the maze training room were different shades of gray or white, each approximately 1 m from the edge of the water tank. A door with a small window which was covered with a poster was in one corner of the room. The only source of light from within the room was from a fixture with a 40-W incandescent bulb, with the light directed toward the wall in a corner of the room.

At the start of each trial, rats were released into one arm (referred to as the "start arm") facing the center of the maze. The start arm was pseudorandomly changed after each trial so that it was never the same for two consecutive trials. If, during any trial, a rat did not locate the hidden platform within 1 min, it was gently guided to the platform by the experimenter. Once a rat found or was guided to the platform, it was left there undisturbed for 15 s before beginning the next trial.

Spatial learning and memory were measured by counting the number of arm entry errors that rats made on each trial. An arm entry was operationally defined as a rat passing at least halfway down the arm. For each trial, the experimenter recorded both the number of arm entry errors and the latency for the rat to find the hidden platform. An arm entry error consisted of a rat entering one of the non-goal arms or, very rarely, a rat entering and exiting the goal arm without climbing onto the platform.

All rats receiving standard water maze training were given 12 consecutive acquisition trials in the RAWM, and then they were returned to their home cages. One hour later the rats were given six additional trials, which served as a short-term memory test, and provided additional training (Figure [1](#F1){ref-type="fig"}). Training data were analyzed as the mean arm entry errors for training blocks of two consecutive trials. Twenty-four hour later, the rats were given a single test trial to assess their long-term memory for the hidden platform location.

![**Experimental timeline**. The experimental procedures took place over 2 days. On day 1, rats were brought to the laboratory and then remained in their home cages (Standard Training) or were placed in close proximity to a cat (Pre-Training Stress) for 30 min immediately before training in the radial-arm water maze. The training protocol on Day 1 consisted of a total of 18 trials of training which were administered in 12 sequential trials (T1--T12), followed 1 h later by 6 more sequential trials (T13--T18). Water maze performance data (errors/trial) were averaged in two trial blocks for data analysis and presentation. Twenty-four hour later, all rats were given a single memory test trial to measure their long-term memory for the hidden platform location. Thirty minutes following the memory test trial, the rats were rapidly decapitated, and their brains were extracted for processing.](fnbeh-05-00030-g001){#F1}

Stress manipulation
-------------------

To induce predator stress, rats were first placed in small Plexiglas boxes (28 cm × 9 cm × 14 cm), with multiple air holes in the top. The rats within the boxes were then placed for 30 min in a large cage (57 cm × 57 cm × 76 cm), which contained an adult female cat. The Plexiglas box prevented any physical contact between the cat and rats but enabled the rats to be exposed to all other sensory stimuli, such as the sight, smell, and sounds associated with the cat. Moist cat food was smeared on top of the Plexiglas box, which induced the cat to direct its attention toward the rats.

Treatment groups and behavioral procedure
-----------------------------------------

Four groups of rats were included in the present experiment: standard, Water Yoked, Pre-Training Stress, and Home Cage. Rats in the Water Yoked condition (*n* = 8) were given water maze exposure equivalent in time to the trained groups. The rats in this group received 19 total trials with the mean time per trial equal to that of the Standard and Pre-Training Stress groups. However, the rats in the Water Yoked group were not trained to learn the location of a hidden platform. Instead, for the Water Yoked group, a hidden platform was located in the water maze at the end of one arm, but if a rat located the platform on any given trial, the platform was moved to the opposite side of the maze on the next trial \[rats in this group located the hidden platform on 1.63 (±0.63) trials out of the total of 19 trials\]. Thus, the Water Yoked paradigm facilitated purposive swimming behavior by rats, but since the platform was not in a constant location, rats in this group were unable to form a memory for the platform location. This control group was included because a Home Cage control group alone is not adequate for distinguishing learning and memory effects, *per se*, from sensorimotor aspects of performance of the task which can affect immediate early gene expression (Shires and Aggleton, [@B89]).

Rats in the Pre-Training Stress condition (*n* = 16) were given standard training in the RAWM, with the addition of predator stress for 30 min immediately prior to water maze training. We found that rats in the Pre-Training Stress group exhibited a broad range of errors in their 24 h memory retrieval performance; individual rats in the Pre-Training Stress group committed from 0 to 6 errors. In a *post hoc* analysis we also found that half of the stressed rats exhibited excellent memory (0 or 1 error) and the other half exhibited poor memory (≥2 errors; range 2--6 errors). We therefore split the behavioral and *c-fos* mRNA data from the Pre-Training Stress group into two subgroups based on Good (*n* = 8) or Bad (*n* = 8) 24 h memory performance. Twice as many rats were assigned to the Pre-Training Stress group than were assigned to the other groups to increase the statistical power for analysis of the *post hoc* split of the Pre-Training Stress group into the Good and Bad memory subgroups.

Rats in the Home Cage condition (*n* = 8) were brought to the RAWM test room on both the training and memory testing days where they were given handling, but they were not exposed to the water.

Corticosterone radioimmunoassay
-------------------------------

Thirty minutes after completion of the 24-h memory test, or at the equivalent time of day for the Home Cage group, rats were taken individually into an adjacent room where they were rapidly decapitated. A sample of trunk blood was then collected for the analysis of corticosterone. After clotting at room temperature, the blood was centrifuged, the serum was extracted and stored at −80°C and then (along with the brain tissue) shipped to the University of Colorado at Boulder, where the samples were assayed by three co-authors (Michael B. VanElzakker, Robert L. Spencer, Vanessa M. Thompson) who were blind to the behavioral manipulations. Total serum corticosterone levels were determined by radioimmunoassay, as previously described (Ginsberg et al., [@B31]).

*c-fos* mRNA *in situ* hybridization
------------------------------------

The brains were rapidly extracted and flash-frozen in isopentane which was chilled between −30 and −40°C with dry ice. The brains were then stored at −80°C, and subsequently shipped to the University of Colorado at Boulder, where they were processed for *in situ* hybridization for *c-fos* mRNA. Coronal sections (10 μm thick) were obtained with a cryostat (Leica model 1850). Sections were taken at the rostral--caudal level of the orbital frontal cortex (approximately 4.2 mm anterior to bregma), the lateral septum (approximately 0.26 mm posterior to bregma), and the dorsal hippocampus (approximately 3.14 mm posterior to bregma). Sections were thaw-mounted onto poly [L]{.smallcaps}-lysine coated microscope slides and stored at −80°C.

*In situ* hybridization for *c-fos* mRNA was performed as described previously (Girotti et al., [@B32]). *In situ* hybridization, which exhibits excellent spatial resolution, provides better temporal resolution than assays for Fos protein levels (Kubik et al., [@B52]). A 35-S-UTP labeled cRNA probe was generated for *c-fos* mRNA using plasmids containing a fragment of *c-fos* cDNA, which was kindly provided by Dr. Tom Curran (St. Jude Children\'s Research Hospital, Memphis, TN, USA). After completion of the *in situ* hybridization procedure, the sections were exposed to X-ray film (Kodak Bio-Max MR, Rochester, NY, USA) for approximately 2 weeks.

Brain regions of interest and autoradiograph densitometry
---------------------------------------------------------

Since lesion, neuroimaging, and immediate early gene expression studies have suggested that there may be hippocampal subregion specialization in the processes of memory acquisition, consolidation, and retrieval (Lee and Kesner, [@B53]; Eldridge et al., [@B24]; Kubik et al., [@B52]; Poirier et al., [@B75]; VanElzakker et al., [@B99]), we examined *c-fos* mRNA in different hippocampal subregions, including the inner and outer blades of the dentate gyrus, and the CA1, CA2, CA3, and CA4 subregions of the dorsal hippocampus (Figure [2](#F2){ref-type="fig"}). Because the RAWM task is a motor task with an arousing component (water immersion), we examined *c-fos* mRNA in other brain regions that may reflect neural activity responsive to aspects of the test conditions other than activity associated exclusively with memory retrieval. Specifically, we quantified *c-fos* mRNA levels in forebrain regions commonly associated with stress and anxiety \[septum, basolateral amygdala (BLA), and anterior cingulate cortex\], emotional control (infralimbic, prelimbic, and ventral orbital subregions of the medial prefrontal cortex), operational learning (dorsomedial and dorsolateral striatum, DLS), olfactory processing (piriform cortex), and motor behavior (secondary motor cortex; Herman et al., [@B39]; Cui et al., [@B17]). The rostral--caudal determination of the regions of interest (ROI) for the BLA was based on our previous finding of a strong relationship between *c-fos* mRNA levels and a behavioral response to stress in the BLA at this level (Weinberg et al., [@B102]). We used the Rat Brain Atlas (Paxinos and Watson, [@B74]) to visually guide ROI localization (Figure [2](#F2){ref-type="fig"}).

![**Brain regions of interest for *c-fos* mRNA analysis**. Regions of interest (ROI) were selected based on their potential relationship to different aspects of the RAWM task, such as stress and anxiety (prefrontal regions, septum, and amygdala), swimming and sensory processing (secondary motor cortex and piriform cortex) and memory (hippocampal subregions, amygdala). ROIs were overlaid on digitized autoradiographic images as shown. Lines illustrate an outline over the principle cell layer of the piriform cortex and hippocampal subregions; the septum and amygdala were outlined according to their shape in the Rat Brain Atlas (Paxinos and Watson, [@B74]), and circles were centered within the other ROIs.](fnbeh-05-00030-g002){#F2}

We determined the relative levels of specific *c-fos* mRNA hybridization from optical density measures of autoradiographs, as previously described (Campeau and Watson, [@B12]). Briefly, after the film was developed, the images were digitized by placing the film on a lightbox, and images of individual brain sections or ROIs were captured with a digital camera. Densitometry for each ROI was calculated using the freeware NIH Image computer application. For each ROI, four to six independent measures (separate sections and hemisphere measures) were taken for each brain and then averaged.

Statistics
----------

Mixed-model, two-way ANOVAs (between-groups factor: training condition; within-groups factor: trial block) were used to analyze the arm entry errors in two trial blocks during the first (Trials 1--12) and second (Trials 13--18) phases of training on Day 1. A one-way ANOVA was used to analyze arm entry errors committed on the 24-h memory test in the RAWM, as well as for *c-fos* mRNA expression for each ROI and serum corticosterone levels. Alpha was set at 0.05 for all analyses. In cases where there was a significant omnibus *F* test, *post hoc* comparisons relative to the "Home Cage" group were tested for statistical significance using the Student--Newman--Keuls (SNK) test. Where indicated, additional exploratory *post hoc* comparisons used Student\'s *t*-test. Data in the graphs are presented as group mean ± SEM.

Results
=======

Water maze acquisition and memory performance
---------------------------------------------

All three groups of rats trained to find the escape platform (Standard, Pre-Training Stress Good, and Pre-Training Stress Bad Memory) exhibited learning of the platform location, as indicated by a significant effect of training block, *F*(5,105) = 18.07, *p* \< 0.001, without a significant effect of training condition, (*p* \> 0.05). There was no Training Condition × Training Block interaction (*p* \> 0.05), indicating that the three groups learned the task at a statistically equivalent rate (Figure [3](#F3){ref-type="fig"}).

![**Radial-arm water maze performance during the first and second phases of training on Day 1 and on the long-term (24 h) memory test trial (RT; retention trial)**. The three groups of rats performed at a statistically equivalent level during trials 1--12 (blocks 1--6) and trials 13--18 (blocks 7--9). Rats exposed to predator stress prior to training were split into good (Pre-Training Stress, Good) and bad (Pre-Training Stress, Bad) memory subgroups based on the number of errors they committed on the RT. As illustrated in the figure, the Pre-Training Stress, Bad group exhibited impaired 24 h spatial memory, relative to both of the other groups. The dashed line a 2.5 arm entry errors indicates chance level of performance (Diamond et al., [@B21]). \**p* \< 0.001 relative to the Standard Train and Pre-training Stress, Good memory groups (SNK *post hoc* test).](fnbeh-05-00030-g003){#F3}

The three groups of trained rats exhibited equivalent performance on trials 13--18 (blocks 7--9), which was conducted 1 h after completion of the acquisition phase. Thus, there was a significant effect of training block, *F*(2,42) = 10.61, *p* \< 0.001, reflecting additional improvement in performance across those six trials, and there was no Training Condition × Training Block interaction (*p* \> 0.05), indicating that this improvement occurred at an equivalent rate across conditions.

In the 24-h memory test trial, the Standard train group exhibited excellent memory for the escape platform location, committing only 0.25 (±0.16) errors (Figure [3](#F3){ref-type="fig"}). Rats in the Pre-Training Stress group exhibited a broad range of errors, from as few as 0 to as many as 6 errors in the 24-h memory performance of individual rats. This broad distribution of errors provided an opportunity to assess brain and behavior of rats into two subgroups: those that were perfect or near perfect in their memory performance \[0 or 1 error, *n* = 8; overall 0.5 (±0.19) errors\] and those that were impaired \[2 or more errors; *n* = 8; overall 3.12 (±0.39) errors\]. A one-way ANOVA of arm entry errors on the 24-h memory test trial for the three groups (*n* = 8/group) indicated a significant effect of group, *F*(2,21) = 34.43, *p* \< 0.001. *Post hoc* tests indicated that the Pre-Training Stress, Bad Memory group made significantly more arm entry errors than both the Standard group and the Pre-Training Stress, Good Memory group (*p* \< 0.001, SNK), and that the Standard and the Pre-Training Stress, Good Memory groups were equivalent in their memory performance (*p* \> 0.1, SNK).

Corticosterone
--------------

A one-way ANOVA revealed that plasma corticosterone levels at the time of sacrifice did not differ significantly among the conditions (expressed as μg/dL ± SEM: standard = 8.0 ± 3.3, Yoked = 7.4 ± 1.6, Pre-Training Stress, Good Memory = 4.0 ± 1.2, Pre-Training Stress, Bad Memory = 5.0 ± 1.3, Home Cage = 8.1 ± 2.6; *p* \> 0.05).

*c-fos* mRNA in the hippocampus after the 24-H memory test trial
----------------------------------------------------------------

The general pattern of between-group *c-fos* mRNA expression was similar across each of the hippocampal subregions (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). In each subregion except CA2, there was a significant increase of *c-fos* mRNA in the Standard group, relative to the Home Cage group \[CA1: *F*(4, 35) = 4.48, *p* = 0.005; CA3: *F*(4, 35) = 3.00, *p* = 0.03; CA4:*F*(4, 35) = 3.04, *p* = 0.03; DG supra: *F*(4, 35) = 4.56, *p* = 0.005; DG infra: *F*(4, 35) = 4.13, *p* = 0.008). In all hippocampal subregions, *c-fos* mRNA expression in the Pre-Training Stress groups did not differ significantly from the Home Cage group. Only for CA1 both Pre-Training Stress groups exhibited significantly less expression of *c-fos* mRNA than the Standard trained group (*p* \< 0.05, SNK). The Good and Bad memory subgroups of Pre-Training Stress rats exhibited statistically equivalent levels of *c-fos* mRNA expression across all of the hippocampal subregions. In addition, the Water Yoked group exhibited *c-fos* mRNA expression which was statistically equivalent to that of the Home Cage group across all hippocampal subregions (*p* \> 0.1, SNK).

![*****c-fos*** mRNA expression in the dorsal hippocampus 30 min following the 24-h memory test trial**. Standard training led to a significant increase in the expression of *c-fos* mRNA in every region of the dorsal hippocampus, except for CA2. An increased expression of *c-fos* mRNA was not found in the Pre-Training Stress Good and Bad Memory Groups in any subregion. The β indicates that the expression of *c-fos* mRNA was significantly greater in CA1 than in the home cage and both Pre-Training Stress groups. \**p* \< 0.05 relative to the Home Cage group (SNK *post hoc* test). All hippocampal tissue was assayed in the same *in situ* films, thereby allowing for expression of the data in terms of arbitrary gray level units.](fnbeh-05-00030-g004){#F4}

![**Representative dorsal hippocampus autoradiograms (*in situ* hybridization) of *c-fos* mRNA following the 24-h memory test trial**. Images from x-ray films were captured using a digital camera. The displayed images depict the dorsal hippocampus from one hemisphere of a coronal brain section.](fnbeh-05-00030-g005){#F5}

*c-fos* mRNA in non-hippocampal structures after the 24-H memory test trial
---------------------------------------------------------------------------

Outside of the hippocampus, the only other brain ROI that demonstrated an overall significant effect of treatment condition on the expression of *c-fos* mRNA was the BLA (Figure [6](#F6){ref-type="fig"}). The Standard trained group displayed significantly greater expression of *c-fos* mRNA in the BLA than any other treatment condition \[*F*(3, 29) = 8.46, *p* \< 0.001; SNK *p* \< 0.05\]. An increase in *c-fos* mRNA, which was found in the BLA of the Standard trained group, was not found in the group of rats given pre-training stress.

![***c-fos* mRNA expression in the Dorsolateral (DL) striatum, and Basolateral (BL) amygdala 30 min following the 24-h memory test trial**. The left side of the graph illustrates a significant increase in the expression of *c-fos* mRNA in the Pre-Training Stress Good compared to the Pre-Training Stress Bad Memory Groups (χ indicates *p* \< 0.05, one-tailed *t*-test). The right side of the graph illustrates a significant increase in the expression of *c-fos* mRNA in the Basolateral (BL) amygdala in the Standard trained group compared to all other groups (*p* \< 0.05, SNK *post hoc* test). The data from the DL and BLA and were obtained from tissue samples which were assayed in different *in situ* films. Therefore, the data were normalized to responses within each region, and expressed as a percent of the home cage response for each brain structure.](fnbeh-05-00030-g006){#F6}

Although there was not an overall significant effect of treatment condition on *c-fos* mRNA levels in the DLS, we performed a targeted *post hoc* exploratory analysis based on well-established findings of an increased involvement of the DLS in memory under conditions of reduced hippocampal functioning (White and McDonald, [@B105]; White and Salinas, [@B106]; Yin and Knowlton, [@B109]). We found a significant difference between *c-fos* mRNA levels in the DLS for the Stress Good Memory compared to Stress Bad Memory subgroups (one-tailed Student' *t*-test (*t*(14) = 1.9, *p* = 0.04) (Figure [6](#F6){ref-type="fig"}).

Discussion
==========

We have studied the expression of *c-fos* mRNA associated with long-term spatial memory retrieval in rats administered water maze training under control conditions, and in rats which had been stressed before training began. Rats trained under control conditions exhibited excellent 24 h spatial memory which was associated with significantly increased levels of *c-fos* mRNA in the CA1, CA3, CA4, and dentate gyrus subdivisions of the dorsal hippocampus. In addition, long-term spatial memory retrieval was associated with increased *c-fos* mRNA in the BLA, which was unexpected, as this structure is known to be involved in emotional learning, but is not part of the essential circuitry underlying spatial learning and memory. When rats were administered predator stress prior to training, a significant increase in expression of *c-fos* mRNA in the hippocampus or BLA 24 h later was not present. However, despite this absence of *c-fos* mRNA expression in the hippocampus or BLA, half of all of the stressed rats exhibited intact long-term memory for the platform location. We propose that the stressed rats that exhibited intact memory deployed a non-spatial (non-hippocampal) strategy to encode the platform location. This putative stress-induced shift to a non-hippocampal brain memory system, such as the DLS, may have enabled a subset of the stressed rats to remember the location of the hidden platform, despite their exhibiting a lack of increased *c-fos* mRNA transcription in their hippocampus and BLA at the time of memory retrieval.

Hippocampal *c-fos* mRNA and long-term spatial memory retrieval
---------------------------------------------------------------

Extensive work has shown that the hippocampus plays a pivotal role in the acquisition of a variety of spatial tasks (Kesner et al., [@B46]; Martin and Clark, [@B55]; Bird and Burgess, [@B5]) and that the dorsal, rather than ventral, hippocampus is important for acquiring spatial information (Bannerman et al., [@B3], [@B2]; Pothuizen et al., [@B76]; Hunsaker and Kesner, [@B40]; Fanselow and Dong, [@B26]). Research over the past few decades has provided support for a role of the hippocampus in memory retrieval, as well (Riedel et al., [@B78]; Corcoran and Maren, [@B16]; Jezek et al., [@B42]; Szapiro et al., [@B95]; Micheau et al., [@B61]; Moscovitch et al., [@B65]; Nadel et al., [@B66]; Sutherland et al., [@B94]). Studies in humans have revealed that the hippocampus can be activated by the acquisition, as well as retrieval, of semantic, episodic, and navigational memories (Dolan and Fletcher, [@B22]; Bosshardt et al., [@B9]; Rekkas and Constable, [@B77]; Moscovitch et al., [@B65]; Cabeza and St Jacques, [@B11]; Nadel et al., [@B66]; Spiers and Maguire, [@B91],[@B92]). Studies in animals have also reported an increase in hippocampal activity, including increased expression of immediate early genes, following memory retrieval (Bontempi et al., [@B8]; Szapiro et al., [@B95]; Mayer et al., [@B56]; Wiltgen et al., [@B107]). The findings reported here are consistent with and extend those earlier findings to show that water maze spatial memory retrieval by rats occurring 24 h after training resulted in increased hippocampal immediate early gene (*c-fos*) expression.

It is important to emphasize that the increased *c-fos* mRNA expression in the hippocampus (and BLA) was generated by spatial memory retrieval, itself, and was not produced merely as a consequence of the sensorimotor components of water exposure, *per se*; rats that were given an equivalent amount of water maze exposure, but not trained to learn the location of a hidden platform (Water Yoked group), did not express increased *c-fos* mRNA in any examined brain region. These findings are consistent with recent work from our group which has detected a rapid and dorsal CA1-specific phosphorylation of calcium calmodulin kinase II (CaMKII) in response to spatial learning, but not in a water yoked group (Zoladz et al., [@B111]). Overall, our findings from animals trained under control conditions reveal a clear association between increased molecular plasticity in the hippocampus, a structure well-known for its contribution to the acquisition of spatial information, and the retrieval of a long-term (24 h) spatial memory.

The training-induced increase in *c-fos* mRNA expression was almost exclusively selective to the hippocampus, as the only other brain region in which non-stressed rats given standard training exhibited an increase was the BLA (discussed below). How the retrieval-induced increase in hippocampal activity is specifically involved in long-term memory processes is not well understood. Given that *c-fos* gene expression is an intracellular response tightly coupled with neuroplasticity (Herdegen and Leah, [@B38]; Kubik et al., [@B52]), the increased transcription of hippocampal *c-fos* mRNA associated with memory retrieval could be involved in retrieval-induced reconsolidation processes which require renewed activation of neuroplasticity (Dudai, [@B23]; Tronson and Taylor, [@B97]).

*c-fos* mRNA, stress, hippocampal, and non-hippocampal memory processing
------------------------------------------------------------------------

In addition to studying *c-fos* mRNA and memory under standard training conditions, we included a group that was administered pre-training predator stress, followed by measurement of brain *c-fos* mRNA expression 30 min after the 24-h memory test trial. We found that this group lacked a significant increase in hippocampal *c-fos* mRNA expression following the 24-h memory test trial (Figure [4](#F4){ref-type="fig"}). More specifically, the stress-induced suppression of *c-fos* mRNA expression was most profound in CA1, which exhibited a complete suppression of the training effect (Figure [4](#F4){ref-type="fig"}). This difference between CA1 and other hippocampal regions is consistent with lesion and fMRI studies suggesting that CA3 and the dentate gyrus play a role in acquisition, while CA1 is important for hippocampus-dependent learning and memory retrieval (Lee and Kesner, [@B53]; Eldridge et al., [@B24]). This finding is also consistent with the extensive evidence that CA1, more than other hippocampal regions, has been found across paradigms and laboratories to exhibit a potent suppression of synaptic plasticity (LTP and primed burst potentiation) in response to stress (Kim and Diamond, [@B47]; Diamond et al., [@B19]; Tsoory et al., [@B98]; Joëls et al., [@B43]) Thus, our finding that *c-fos* mRNA expression in CA1 was highly sensitive to increase in response to spatial learning and to be completely suppressed in response to stress parallels behavioral findings demonstrating an impairment of hippocampus-dependent memory in response to stress (Bremner et al., [@B10]; Joseph, [@B45]; Kim and Diamond, [@B47]; Diamond et al., [@B19]; Sandi and Pinelo-Nava, [@B83]; Schwabe et al., [@B85]; Schwabe and Wolf, [@B88]; Zoladz et al., [@B112]).

The more general finding of a global suppression of *c-fos* mRNA transcription in the hippocampus of the Pre-Training Stress group is consistent with previous work from our laboratory in which pre-training exposure of rats to 30 min of predator stress impaired 24 h water maze memory (Park et al., [@B73]), and blocked molecular processes known to be involved in memory consolidation, including activation of NCAMs (Sandi et al., [@B84]), phosphorylation of calcium calmodulin kinase II (CaMKII; Zoladz et al., [@B111]), and the training-induced increase in the density of dendritic spines on CA1 neurons (Diamond et al., [@B20]). Overall, the absence of a significant increase in *c-fos* mRNA expression in the hippocampus of rats administered pre-training stress in the current work is consistent with the extensive literature demonstrating that stress can impair hippocampal function (Lupien and Lepage, [@B54]; McEwen, [@B59]; Kim and Diamond, [@B47]; Sandi, [@B81]; Joëls et al., [@B44]; Packard, [@B69]).

The finding of excellent 24 h memory performance in conjunction with the increased *c-fos* mRNA levels in the hippocampus in the Standard (non-stress) group is consistent with the well-established role of the hippocampus in spatial learning and memory. Conversely, the absence of changes in *c-fos* mRNA induction in the hippocampus of the Pre-Training Stress Good and Bad memory groups, relative to the Home Cage control group, supports the hypothesis that the hippocampus did not participate in the retrieval of the memory of the platform location for this group. It was therefore an unexpected finding that so many rats in the stress group exhibited intact 24 h memory for the hidden platform; half of all stressed rats exhibited intact 24 h memory (0 or 1 error), while the other half exhibited bad memory (≥2 errors). It is important to note that the rats in the Pre-Training Stress Good versus Bad memory groups learned the water maze task at an equivalent rate, and both subgroups performed as well on the short-term memory trials as the non-stressed Control (Standard) trained group (Figure [3](#F3){ref-type="fig"}). Therefore, the equivalent levels of performance of all three groups on Day 1 of training indicates that any adverse effects of pre-training stress on long-term memory could not be attributed to a disruption of acquisition or short-term memory processes, or to trivial explanations, such as a lack of attention to the task or to a lack of motivation to escape the water.

Why there was a broad distribution in long-term memory performance by rats in the Pre-Training Stress group cannot be determined with any certainty, as all of the animals in this group were administered the same stress and behavioral training parameters. In previous work we found that, as a group, rats that were stressed before training were impaired in their 24 h memory performance (Park et al., [@B73]). In that study, 75% of all rats given pre-training stress exhibited impaired 24 h memory performance, while in the current study only 50% of the stressed rats exhibited impaired memory performance. It is possible that subtle differences in the training environments, such as the local intensity of cues and lighting, across the two studies may have enabled the pre-training stress rats in the current study to utilize isolated cues to remember the platform location more effectively than in the previous work.

Although it is a matter of speculation as to why half of all stressed rats exhibited intact 24 h memory, the finding is not without precedence. Other work on stress, as well as hippocampal lesion studies, have demonstrated that under conditions of reduced hippocampal functioning, a subset of rats appear to switch their learning strategy to deploy a non-hippocampal-based brain memory system to remember a goal location (McDonald and White, [@B57], [@B58]; White and Salinas, [@B106]; Packard, [@B69]; White, [@B103]). One such non-hippocampal memory system involves the use of a habit or motor, form of learning. In this case, if an animal performs the same motor response on each training trial, e.g., turn right out of the start location to find the goal, it has the opportunity to use a non-hippocampal memory system to remember its motor response to find the platform, rather than to remember the location of the platform (Packard, [@B69]).

Extensive research has shown that when rats are trained to remember repetitive habit or motor-based associations they deploy their caudate/striatum (habit-based) memory system to locate a goal (Packard and McGaugh, [@B70]; Packard and Teather, [@B71]; Packard, [@B68]). However, it was not possible for the stressed rats in the current study to have used a habit-based memory system to remember the location of the hidden escape platform since the relation between the start and goal arm locations was randomized across trials. Instead, the stressed rats that exhibited intact 24 h memory of the hidden platform needed to remember where the platform was located, rather than to remember their motor responses during training.

A better explanation for how a subset of the stressed rats exhibited intact memory is based on work demonstrating that under certain conditions rats can use a non-hippocampal brain memory system to remember a goal location. That is, rats normally use their hippocampus to bind together the multiple cues in an environment to generate a higher order representation of the spatial location of a goal (O'Keefe and Nadel, [@B67]; Fanselow, [@B25]; Rudy, [@B80]). However, in response to hippocampal damage or stress, a subset of rats appear to shift their mnemonic strategy from generating a cognitive/spatial representation to remembering discrete, isolated cues associated with the goal location (McDonald and White, [@B58]; Devan and White, [@B18]). In one example of this phenomenon which is highly relevant to the current findings, Kim et al. ([@B49]) used methodology and reported findings which closely paralleled those of the current work. These investigators studied the effects of pre-training stress (restraint and shock) on 24 h water maze memory. They found that the stressed rats exhibited a greater tendency than control rats to use a non-hippocampal (cue-based) strategy to retrieve the 24-h memory of the hidden platform location. Just as we found an absence of hippocampal *c-fos* transcription in stressed rats, Kim et al. ([@B49]) showed impaired hippocampal function, as measured by a suppression of LTP, in their stressed rats. Their findings and ours support the hypothesis that when rats are trained to find a goal under stress conditions, a substantial subset of the rats learn and then retrieve that information through the activation of non-hippocampal brain structure(s). This shifting of strategy from the use of a hippocampal (cognitive map) to a non-hippocampal (isolated cue) representation of the environment may also be influenced by stress--gender interactions, as evidence by a greater effect of stress on hippocampus-dependent memory on males than on females (see Park et al., [@B73] for relevant findings and discussion of stress--gender interactions).

Studies utilizing pharmacological and lesion methodology have provided insight into how stress can induce a shift from hippocampal to non-hippocampal memory consolidation and retrieval strategies. In one example, Schwabe et al. ([@B86]) demonstrated that stress or corticosterone injection induced rats to switch from their normal cognitive/spatial strategy to use a discrete cue to learn and then remember a goal location. Moreover, they demonstrated that the stress effects were mediated by the mineralocorticoid receptor (MR), as an MR antagonist blocked the stress- and corticosterone-induced shift to the discrete cue learning strategy. In lesion and inactivation studies, McDonald, White, and coworkers (McDonald and White, [@B58]; White and Salinas, [@B106]; White, [@B103]) have shown that rats with hippocampal damage tend to use isolated cues to identify the location of a goal. Moreover, these investigators have shown that the DLS is the critical structure which enables rats to shift from a cognitive to cue-based memory strategy.

In the current work, the maze training room contained distinct visual cues, such as indirect lighting in one corner of the room and a door with a window, which could have served as the isolated cues that the stressed rats associated with the hidden platform. In theory, although all of the stressed rats had impaired hippocampal functioning at the time of water maze training, a subset of the stressed rats exhibited flexibility which enabled them to utilize a non-hippocampal memory system to learn, and then remember, the platform location. We would further speculate, based on the pharmacological and lesion studies discussed above, that predator stress occurring prior to training, and its presumed concomitant increase in CORT levels (Diamond et al., [@B21]; Woodson et al., [@B108]; Sandi et al., [@B84]), would have increased activation of MR receptors, thereby increasing the likelihood that the stressed rats would depend on their DLS, rather than their hippocampus, to use isolated and distinct room cue(s) to remember the platform location.

There is empirical support for our suggestion that the stressed rats with intact memory used their DLS to retrieve the memory of the platform location. We found that pre-training stress rats with good 24 h memory exhibited greater *c-fos* mRNA expression in the DLS than pre-training stress rats with bad 24 h memory (Figure [6](#F6){ref-type="fig"}). Therefore, the *c-fos* mRNA findings reported here are consistent with the literature indicating that the DLS can serve as an alternative brain memory system which enabled a subset of pre-training stress animals to remember the location of the hidden platform. That the *c-fos* signal in the DLS was relatively weak is consistent with other work demonstrating that *c-fos* levels associated with memory retrieval are considerably less than those found in response to acquisition in a spatial learning task (Mayer et al., [@B56]). Therefore, the current work, in conjunction with the broader stress--memory literature, indicates that the DLS should be a target for analysis of the differential expression of synaptic plasticity in stressed animals which exhibit intact versus impaired memory.

Basolateral amygdala, *c-fos* mRNA, spatial learning, stress, and memory
------------------------------------------------------------------------

The only brain region other than the hippocampus to express a significant increase in *c-fos* mRNA following 24 h memory retrieval under the control (non-stress) condition was the BLA (Figure [6](#F6){ref-type="fig"}). This is an intriguing finding given that the BLA is not a necessary component of spatial learning and memory neural circuitry (Roozendaal et al., [@B79]; Kim et al., [@B48]). Nevertheless, although the BLA is not necessary for spatial learning and memory to take place, inactivation of or damage to the BLA can affect aspects of the performance of rats in spatial learning tasks (White and McDonald, [@B104]; Gaskin and White, [@B30]). Moreover, studies investigating molecular plasticity induced by learning and memory have provided evidence of BLA involvement in hippocampus-dependent tasks. For example, water maze training with cold versus warm water maze training has been shown to enhance long-term memory retention (Sandi et al., [@B82]; Kogan and Richter-Levin, [@B50]), as well as to increase BLA phosphorylation of extracellular regulated kinase 2 (Akirav et al., [@B1]), which is critically involved in memory consolidation and synaptic plasticity (Impey et al., [@B41]). Complementary findings by Conejo et al. ([@B15]) demonstrated that there is an increase in cytochrome oxidase activity (a marker for localized increases in oxidative metabolism) in the BLA within 24 h after initiation of water maze training. Thus, our findings are consistent with the broader literature indicating that while the integrity of the BLA is not necessary for the performance of the learned response, mechanisms of plasticity are activated in the BLA which may influence the expression of long-term spatial memory retrieval.

Insight into how the BLA may be involved in spatial learning and memory has been provided in work by Galliot et al. ([@B29]) in their multi-level analysis of how the BLA influences spatial learning. These authors reported that the inclusion of predator odor in the water maze training environment enhanced spatial learning and increased Fos immunoreactivity levels in the hippocampus. In this work, lesioning the BLA did not impair water maze learning, *per se*, but the odor-mediated influence on memory and Fos were both blocked by damage to the BLA. Taken together, these findings indicate that the increased *c-fos* mRNA expression in the BLA reported in the current study is not necessary for spatial learning and memory, *per se*. Instead, we would interpret the increased *c-fos* mRNA in the BLA evoked by spatial memory retrieval to reflect the contribution of the BLA to the emotional and/or motivational component of spatial learning and memory (Bischoff-Grethe et al., [@B7]).

It is important to note that the increase in *c-fos* mRNA in the BLA observed under no stress conditions was not present in the group which was administered pre-training stress. Thus, whereas increased BLA activation has been reported in studies of animals with intact water maze memory, the finding of suppressed BLA activity in animals which were stressed in conjunction with water maze training has not been reported in any previous work. We hypothesize that BLA activation under control conditions serves as a motivational and reinforcing influence in response to intact hippocampal-based memory reactivation. However, when hippocampal-based memory reactivation was suppressed by pre-training stress, the BLA reinforcement component was suppressed, as well. This would suggest that BLA-based reinforcement of spatial memory must occur in conjunction with intact hippocampal-based memory retrieval.

Overall, our findings of *c-fos* mRNA in the BLA provide a novel perspective on how this brain structure may be involved in aspects of spatial memory processing. First, we have found that the BLA is activated in response to spatial memory reactivation under control conditions. Although the BLA is not necessary for spatial memory to occur, we have suggested that its activation under control conditions provides reinforcement for the memory, potentially strengthening its durability. Second, rats that were stressed before training, and thereby lacked an increase in *c-fos* mRNA in the hippocampus, failed to mount a significant increase in *c-fos* mRNA in the BLA. Thus, the memory reinforcing aspects of BLA activity may be linked to processes involved in successful memory reactivation by the hippocampus.

Conclusion
==========

We have shown that long-term (24 h) spatial memory retrieval results in increased *c-fos* mRNA expression in the dorsal hippocampus and in the BLA of rats given water maze training under the control (non-stress) condition. We have also shown that pre-training predator stress, independent of its effects on 24 h memory performance, prevented the training-induced increase of *c-fos* mRNA expression in the dorsal hippocampus and BLA. Rats exposed to pre-training predator stress exhibited a broad range of errors in their 24 h memory test trial, with half of the stressed rats exhibiting intact memory (0 or 1 error) and the other half had impaired memory (2--6 errors). Since pre-training stress rats that demonstrated good 24 h memory also showed an increase in *c-fos* mRNA expression within the DLS, these rats may have used their DLS to deploy a non-spatial (e.g., cue-based) strategy to acquire, as well as to retrieve, the memory of the hidden platform location. Future work is needed, however, to corroborate this speculation. Overall, our findings provide clear evidence for hippocampal and BLA involvement in long-term (24 h) spatial memory retrieval. They also indicate that pre-training stress suppressed hippocampal function, which resulted in impaired long-term memory only for those rats that did not shift to a non-hippocampal form of memory processing.
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